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F1-ATPase is a catalytic component of FoF1-ATP synthase that in
mitochondria, chloroplasts, and eubacteria is responsible for revers-
ible synthesis/hydrolysis of ATP coupled to transmembrane trafﬁc of
protons carried out by the Fo component. Binding change mechanism
proposed by Boyer and colleagues [1–3] provides a widely accepted
rotary model of energy transformation by the enzyme during ATP
synthesis and hydrolysis and has received an extensive experimental
support (see for reviews [4–8]). F1 consists of ﬁve types of subunits in
a stoichiometry α3β3γδε and is capable only of net ATP hydrolysis
when separated from the membrane-bound factor Fo. In the crystal
structure of the mitochondrial F1 (MF1) from beef heart, α and β
subunits are arranged alternately around an antiparallel coiled coil
formed by C- and N-terminal α-helixes of the γ subunit [9]. F1 has a
total of six nucleotide-binding sites that are differentiated function-
ally into three catalytic and three noncatalytic sites [10]. In the crystal
structure of MF1, the catalytic and noncatalytic sites are formed
largely by the residues of the β and α subunits, respectively, and are
located at the alternating interfaces between these subunits [9].
According to the binding change mechanism, three catalytic sites
of F1 sequentially participate in catalysis. The product release step of
the catalytic cycle is slow when only one of the three catalytic sites is
occupied, but is accelerated when substrate binds at additionalcatalytic site(s) (multi-site catalysis). This positive cooperativity for
ATP hydrolysis by F1 was ﬁrst demonstrated using the enzyme from
beef heart mitochondria [11,12]. Slow mode of F1 turnover with only
one catalytic site occupied was termed uni-site catalysis [11], and the
cooperative multi-site enzyme turnover with presumed two or three
catalytic sites occupied was referred to as bi-site and tri-site catalysis,
respectively [12]. The problem of whether the bi-site or tri-site
catalysis is responsible for the rapid enzyme turnover during multi-
site catalysis has been a topic of numerous studies and debates (see
for example relevant discussions in [5,6,8,13–23]). Recent measure-
ments of the catalytic site occupancy during steady-state ATP
hydrolysis by MF1 [24] and EcF1 [21] strongly support a notion that
it is the bi-site mechanism that is responsible for the cooperativity of
multi-site catalysis.
In the present study we investigated the effect of Pi on uni-site
catalysis by ndMF1. Pi binds to MF1 with a relatively high afﬁnity
[25,26], but at concentrations comparable with the Km value for Pi
during ATP synthesis, Pi has been reported to have little or no
inhibitory effect on multi-site ATP hydrolysis [27–29]. However, Pi at
millimolar concentrations was shown to inhibit multi-site ATP
hydrolysis bymembrane-bound [30] and isolated EcF1 [31]. According
to the bi-site catalytic mechanism, as has been pointed out by Boyer
[32], substrate binding that leads to a rapid F1 turnover during
synthesis of ATP and substrate binding that leads to a rapid turnover
during ATP hydrolysis occur at different catalytic sites. This feature of
the bi-site catalysis helps to explain the lack of inhibition of multi-site
ATP hydrolysis by Pi in the case of MF1. However, reports about Pi
effect on uni-site ATP hydrolysis are conﬂicting. Pi was reported either
to increase [33] or to have no signiﬁcant effect [34] on uni-site ATP
binding to beef heart MF1, and to slow down uni-site ATP binding to
Fig. 1. Time course of substoichiometric [γ-32P]ATP hydrolysis by ndMF1 in the absence
(circles) and presence (diamonds) of 10 mM Pi. 100 nM ndMF1 was incubated with
10 nM [γ-32P]ATP (4.2×105 cpm/pmol) in MTEMB buffer (ﬁnal volume—10 μl) in the
absence (circles and triangles) and presence (diamonds and inverted triangles) of
10 mM Pi. At the time indicated, the reaction was stopped by addition of 150 μl of 0.6 M
HClO4 containing 4 mM Pi (acid quench, circles and diamonds). In the cold chase
samples, 90 μl of 2.22 mM MgATP solution in MTEMB buffer (triangles) or in MTEMB
buffer containing additionally 10 mM Pi (inverted triangles) was added at the time
indicated, followed 4 s later by 60 μl of 1.5 M HClO4 containing 10 mM Pi. 32Pi formed
was measured as described in Materials and methods. Less than 1.5% of the cold chase
ATP was hydrolyzed during 4-s incubation as determined by adding MgATP before
ndMF1. The lines were drawn for the acid quench data according to the results of the
best ﬁt to Eq. (1) with the parameters A0, A1, and k equal to 36%, 56%, and 0.012 s−1,
respectively, in the absence of Pi, and to 22%, 68%, and 0.0076 s−1, respectively, in the
presence of 10 mM Pi.
Fig. 2. Kinetic scheme of the uni-site ATP hydrolysis by F1 with a random order of
product dissociation.
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decrease [31,36] and to increase [37] the rate of ATP binding under
uni-site conditions. The results obtained in the present study show
that Pi decreases the apparent rate constant of uni-site ATP binding by
ndMF1 to the value observed for the apparent rate constant of ATP
binding during bi-site (multi-site) catalysis. Pi also induces a shift in
equilibrium during reversible ATP hydrolysis/synthesis step in the
direction of ATP synthesis. However, at the concentration that
inﬂuences uni-site ATP binding and hydrolysis, Pi has only marginal
effect on multi-site ATP hydrolysis.
2. Materials and methods
2.1. Materials
ATP and bovine serum albumin were obtained from Sigma. [γ-32P]
ATP (5×103 Ci/mmol) was obtained from Amersham Pharmacia.
MF1 was prepared from beef heart mitochondria according to
Knowles and Penefsky [38] and depleted of tightly bound nucleotides
according to Garrett and Penefsky [39]. Fractions with A280/A260
ratioN1.95 were used. The nucleotide content of ndMF1 preparations
was less than 0.1 mol/mol of enzyme as determined by HPLC analysis
[40] of the extracted nucleotides.
2.2. Methods
Hydrolysis of [γ-32P]ATP was measured at 22 °C in the medium
containing 20 mM Mops/Tris, pH 7.0, 0.2 mM EDTA, 2.2 mMMg
(CH3COO)2, and 0.3 mg/ml bovine serum albumin (MTEMB). Details
are described in the ﬁgure legends. After stopping the reaction with
HClO4 solution, 60 μl of charcoal suspension (50 mg/ml in 0.1 M HCl)
was added to a 160-μl sample. Charcoal with adsorbed nucleotide was
precipitated by centrifugation, and 32Pi in 165 μl of the supernatant
was determined by Cherenkov counting. Each point is an average of
duplicate samples and is corrected for small amount of 32Pi present in
[γ-32P]ATP before addition of ndMF1.
Protein was determined by a modiﬁed Lowry method according to
Peterson [41]. A value of 371 kDa was used as the molecular mass of
MF1.
3. Results
3.1. Pi effect on the equilibrium constant of the bound ATP hydrolysis by
ndMF1 during uni-site catalysis
Fig. 1 shows time course of substoichiometric [γ-32P]ATP hydro-
lysis by ndMF1 in the absence (circles) and presence of 10 mM Pi
(diamonds). In agreement with the results originally obtained with
the nativeMF1 in the presence of Pi [11] and subsequently with ndMF1
in the absence [42] and presence of Pi [43], this time course is clearly
biphasic and is characteristic for uni-site ATP hydrolysis (see for
review [4]) that is described by the kinetic scheme shown in Fig. 2.
The cold chase data in Fig. 1 show that, both in the absence (triangles)
and presence of 10 mM Pi (inverted triangles), [γ-32P]ATP binding by
ndMF1 has been practically completed by the time of the ﬁrst point
(3 and 4 s, respectively). Therefore, the slow phase of [γ-32P]ATP
hydrolysis in Fig. 1 reﬂects the product dissociation steps 3 and 4
(Fig. 2).
In agreement with the previous ﬁndings obtained with the native
[34] and nucleotide-depleted [42] MF1, Fig. 1 shows that Pi
signiﬁcantly decreases the fraction of [γ-32P]ATP hydrolyzed during
the burst phase. The best ﬁt of the data in Fig. 1 (circles and diamonds)
to the exponential equation:
At = A0 + A1 × 1− e
−kt
 
ð1ÞwhereA0 and A1 are the percentage of [γ-32P]ATP hydrolyzed during the
burst and slow phases, respectively, yielded the values of A0, A1, and k
equal to 36±1%, 56±2%, and 0.012±0.001s−1, respectively, in the
absence of Pi (circles) and to 22±1%, 68±2%, and 0.0076±0.0006 s−1,
respectively, in the presence of 10 mM Pi (diamonds). The fraction of
[γ-32P]ATP hydrolyzed during the burst phase, A0, includes two
components. One component (A0u) represents the substrate hydro-
lyzedduring equilibration betweenbound [γ-32P]ATPandADP+32Pi at
the catalytic site of ndMF1 in the course of step 2 (Fig. 2) of the uni-site
turnover. The other component (A0b) represents [γ-32P]ATP
Fig. 3. Pi effect on the extent of the burst-phase of [γ-32P]ATP hydrolysis by ndMF1
under uni-site conditions. 100 nM ndMF1 was incubated for 3 s with 10 nM [γ-32P]ATP
(4×105 cpm/pmol) in MTEMB buffer in the absence and presence of Pi as indicated
(ﬁnal volume—10 μl), and the reaction was stopped by addition of 150 μl of 0.6 MHClO4
containing 4 mM Pi. 32Pi formed was measured as described in Materials and methods.
More than 90% of the added [γ-32P]ATP was hydrolyzed when a cold chase was
performed as described in legend to Fig. 1. The line is drawn according to the results of
the best ﬁt of the data to Eq. (3) with the parameters y1, y2, and Kd equal to 15.8%, 16.7%,
and 0.17 mM, respectively.
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before the substrate binding has been completed. When the rate
constant of ATP binding to F1 during uni-site catalysis, k1 (Fig. 2), is
equal to the rate constant of ATP binding during bi-site catalysis (k1b),
the value of A0b can be obtained according to Eq. (2):
A0b = 1− 1−e
−S=E
 
× E=Sð Þ
h i
× 100% ð2Þ
where E and S are the concentrations of F1 and ATP, respectively (see
Appendix A for derivation of Eq. (2)). In the presence of 10 mM Pi, the
value of k1 is very close to the value of k1b (see Figs. 5 and 6), and the
value of A0b can be calculated according to Eq. (2) to be equal to 4.8% for
the ndMF1 and [γ-32P]ATP concentrations used in the experiments
shown in Fig. 1. In the absence of Pi, the value of k1 is signiﬁcantly larger
than the valueof k1b (see belowFigs. 5 and6), and therefore the valueof
A0b in the absence of Pi is smaller than one in the presence of 10 mMPi.
Thus, under conditions used in Fig. 1, the amount of [γ-32P]ATP
hydrolyzed due to bi-site catalysis constitutes only a small fraction ofA0
both in the presence and absence of Pi. For this reason, the ratio A0/A1
can be used as a good approximation of the equilibrium constant of the
step 2, K2 (k2/k-2, Fig. 2), during uni-site [γ-32P]ATP hydrolysis by
ndMF1. The ratioA0/A1 obtained from the data of Fig. 1 in the absence of
Pi equals to 0.64±0.04 that is signiﬁcantly higher than the A0/A1 ratio
of 0.32±0.02 obtained in thepresenceof 10 mMPi. This result supports
the conclusion [34,42] that Pi shifts equilibrium during reversible
hydrolysis/synthesis of ATP (step 2, Fig. 2) in the direction of ATP
synthesis.
According to the kinetic scheme shown in Fig. 2, the total of (k3+k4)
can be calculated using the value of rate constant k for the slow phase of
[γ-32P]ATP hydrolysis in Fig. 1 as (1+1/K2)×k. Both in the absence and
presence of 10 mMPi, the sum (k3+k4) is equal to 0.031 s−1. This result
indicates that Pi-induced shift of the equilibrium between [γ-32P]ATP
andADP+32Pi at the catalytic site ofMF1 occurswithout a change in the
product (ADP and Pi) dissociation rate.
In order to estimate the afﬁnity of Pi binding responsible for the
shift in equilibrium between [γ-32P]ATP and ADP+32Pi during uni-
site catalysis, 100 nM ndMF1 was incubated for 3 s with 10 nM [γ-32P]
ATP in the presence of Pi at different concentrations, and the extent of
[γ-32P]ATP hydrolysis was measured after acid quench. The results of
this experiment are shown in Fig. 3. The apparent Kd value for Pi was
obtained from the data of Fig. 3 by ﬁtting to hyperbolic Eq. (3):
y = y1 + y2 = 1 + Pi½ = Kdð Þ ð3Þ
where (y1+y2) is the percentage of [γ-32P]ATP hydrolyzed during the
burst phase in the absence of Pi, and y1 is the percentage of the
nucleotide hydrolyzed during the burst phase at the inﬁnite Pi
concentration. The best ﬁt of the data (line in Fig. 3) yielded the Kd
value of 0.17±0.03 mM.
3.2. Pi effect on ATP binding to ndMF1
To determine the apparent rate constant of ATP binding to ndMF1
under uni-site conditions (k1, Fig. 2), the enzyme at concentrations of 3,
6 and 9 nM was incubated with 0.3 nM [γ-32P]ATP for increasing
periods of time, and the extent of [γ-32P]ATP hydrolysis was measured
after a cold chase with 1.3 mM unlabeled MgATP for 4 s (Fig. 4A). The
datawereﬁtted to anexponential equation, and the apparentﬁrst-order
rate constants obtained from the ﬁts (k′) were plotted versus the
correspondingndMF1 concentrations (Fig. 4A, inset). The value of k1was
then obtained as a slope using the linear regression analysis of the data
(line in the inset of Fig. 4A) to be equal to (24±2)×106 M−1s−1. The
apparent k1 value obtained in the present paper is signiﬁcantly higher
than the k1 value of 6.4×106 M−1s−1 obtained byGrubmeyer et al. [11]
in the presence of 1 mMPi. This difference indicated a possibility that Pi
might decrease ATP-binding rate for beef heart MF1 under uni-siteconditions as it was observedwith the S. cerevisiaeMF1 [35]. To test this
possibility, the rate constant of uni-site ATP binding to ndMF1 was
measured in the presence of 10 mMPi (Fig. 4B). The value of k1 obtained
in the presence of 10 mM Pi is equal to (8.8±0.6)×106 M−1s−1
(Fig. 4B, inset) that is signiﬁcantly lower than the value of k1 obtained in
the absence of Pi. Therefore, Pi indeed decreases ATP-binding rate for
beef heart ndMF1 under uni-site conditions.
Fig. 5 shows the concentration dependence of Pi-induced decrease
of the rate constant of ATP binding to ndMF1 under uni-site
conditions. The data of Fig. 5 were ﬁt to Eq. (3) with (y1+y2) and
y1 representing the apparent rate constant of ATP binding in the
absence of Pi and in the presence of Pi at the inﬁnite concentration,
respectively. The best ﬁt values of (y1+y2), y1, and Kd (line in Fig. 5)
are equal to (24±4)×106 M−1s−1, (8±2)×106 M−1s−1, and 0.38±
0.14 mM, respectively. TheKd value for Pi obtained from thedata of Fig. 5
is about2-fold higher than theKd valueobtained from thePi effect on the
equilibrium constant of uni-site ATP hydrolysis (Fig. 3). This difference
may reﬂect an enhancement of Pi binding to ndMF1 when a nucleotide
binds at a single catalytic site [44].
To investigate whether Pi at a concentration that signiﬁcantly
decreases uni-site ATP binding rate has a similar effect on the bi-site
(multi-site) ATP binding rate, activity of ndMF1 has been measured
using 10−50 nM ATP in the presence and absence of Pi. Under such
assay conditions, when [ATP] bb Km, the rate of MF1 turnover has been
shown to increase linearly with ATP concentration with the slope
equal to the rate constant of bi-site (multi-site) ATP binding (k1b)
[12,42,45,46]. The results (Fig. 6) show that 10 mM Pi, by decreasing
the k1b value by less than 20%, has only marginal effect on the bi-site
(multi-site) rate constant of ATP binding to ndMF1.
4. Discussion
The data presented in this paper show that Pi at submillimolar
concentrations affects uni-site ATP hydrolysis catalyzed by ndMF1.
The affected steps of the uni-site catalytic cycle (Fig. 2) are the
ATP binding/release (step 1) where Pi lowers the apparent value of k1
Fig. 4. ATP binding to ndMF1 under uni-site conditions in the absence (A) and presence
(B) of 10 mM Pi. 0.3 nM [γ-32P]ATP (5-7×106 cpm/pmol) was incubated with 3 nM
(triangles), 6 nM (circles), and 9 nM (squares) ndMF1 in MTEMB buffer in the absence
(A) and presence (B) of 10 mM Pi (ﬁnal volume−25 μl). At the time indicated, 75 μl of
1.33 mMMgATP solution inMTEMBbuffer (A) or inMTEMBbuffer containing additionally
10 mM Pi (B) was added followed 4 s later by 60 μl of 1.5 M HClO4 containing 10 mM Pi.
32Pi formedwasmeasured as described in theMaterials andmethods. The datawereﬁtted
to an exponential equation in order to obtain the values of the apparent ﬁrst-order rate
constants k′, and the lineswere drawnusing the results of the bestﬁts. In insets, the values
of k′ obtained are presented versus the corresponding ndMF1 concentrations. The linear
regression analysis of the data in insets gives the apparent k1 values (see the kinetic
scheme in Fig. 2) of (24±3)×106 M−1s−1 and (8.8±0.6)×106 M−1s−1 in the absence
(A) and presence of 10 mM Pi (B), respectively.
Fig. 5. Pi effect on the apparent k1 values. The apparent k1 values in the presence and
absence of Pi were obtained as described in the legend to Fig. 4. The best ﬁt of the data to
Eq. (3) yielded y1, y2, and Kd values of (16±2)×106 M−1s−1, (8±2)×106 M−1s−1,
and 0.38±0.14 mM, respectively, and the line was drawn according to the best ﬁt.
Fig. 6.Multi-site ATP hydrolysis by ndMF1 in the absence and presence of 10 mM Pi. To
measure ATP hydrolysis rates, 0.5 nM ndMF1 was incubated in MTEMB buffer
containing [γ-32P]ATP (2-6×104 cpm/pmol) at indicated concentrations (ﬁnal vol-
ume—100 μl) in the absence (circles) and presence of 10 mM Pi (squares). The samples
were incubated for 10, 20, 30, and 40 s, and the reaction was stopped by addition of
60 μl of 1.5 M HClO4 containing 10 mM Pi. 32Pi formed was measured as described in
Materials and methods. The rates of ATP hydrolysis were obtained using the linear
regression analysis and plotted versus the corresponding ATP concentrations. The
values of the rate constant of ATP binding during bi-site (multi-site) catalysis (k1b)
obtained using the linear regression analysis are equal to (7.1±0.2)×106 M−1s−1 and
(5.8±0.1)×106 M−1s−1 in the absence and presence of 10 mM Pi, respectively.
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decreases the apparent value of the equilibrium constant K2 (k2/k−2)
2-fold. The results also show that Pi does not signiﬁcantly affect the
product dissociation steps 3 and 4. The effect on uni-site ATP
hydrolysis is most likely the result of Pi binding at a catalytic site
rather than at the noncatalytic nucleotide-binding sites of ndMF1. This
is supported by the observation that 200 mM Pi fails to protect MF1
from inactivation by 5'-p-ﬂuorosulfonylbenzoyladenosine [47], a
nucleotide analog that modiﬁes noncatalytic sites of the enzyme
[48]. Lack of Pi ability to bind at the noncatalytic sites has been also
demonstrated with the nucleotide-depleted EcF1 containing
αR365W-substitution in the noncatalytic sites when 5 mM Pi hadno effect on adenylylimidodiphosphate binding to the noncatalytic
sites monitored by using the nucleotide-induced quenching of
αR365W ﬂuorescence [49].
The result obtained in the present study that Pi decreases uni-site
ATP-binding rate differs from the earlier reports that Pi either
activates [33] or has no effect on uni-site ATP binding by beef heart
MF1 [34]. In the earlier experiments [33,34], lack of inhibition of uni-
site ATP binding by Pi wasmost likely due to unrecognized presence of
MgADP-inhibited form of MF1. Incubation of MF1 containing endog-
enous tightly bound nucleotides in the presence of Mg2+ leads to a
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formation of the inactive enzyme complex with a MgADP molecule
[52] that is bound at one of the catalytic sites [53]. MgADP-inhibited
form of MF1 is inactive both in the uni-site and multi-site catalysis
[54], and preincubation of the MgADP-inhibited enzyme with Pi
reactivates MF1 [29,52]. This Pi-induced reactivation of MgADP-
inhibited MF1 was most likely responsible for the apparent increase
of the uni-site ATP binding rate observed by Penefsky and Grubmeyer
[33]. In the experiments of Bullough et al. [34], preincubation of MF1
with 2 and 20 mM Pi resulted in a signiﬁcant increase of the rate of
1 μM-ATP hydrolysis. This fact suggests that a signiﬁcant fraction of
the enzyme in the absence of preincubation with Pi was in the
MgADP-inhibited form and therefore was incapable of uni-site ATP
binding. For this reason, it is likely that in the experiments reported in
[34] the Pi-induced reactivation of MgADP-inhibited fraction of MF1
masked the Pi effect on uni-site ATP binding to the active fraction of
the enzyme.
Two mechanisms may be responsible for the observed effects of Pi
on ATP binding and hydrolysis during uni-site catalysis. It is possible
that Pi binding at one of three MF1 catalytic sites modiﬁes properties
of the catalytic site where ATP would bind in the course of uni-site
catalysis. On the other hand, it cannot be excluded that more than one
catalytic site in ndMF1 would bind ATP with the formation of uni-site
complex. In this situation, as noted by Grubmeyer et al. [11], the
observed rate constant of ATP binding to the enzyme under uni-site
conditions would constitute a total of the intrinsic rate constants for
the nucleotide binding to each of the involved catalytic sites, and Pi
binding to one of the involved sites would prevent ATP binding at this
site and thus result in a decrease of the observed rate of the nucleotide
binding. Noncompetitive character of Pi-induced decrease of the
observed rate constant for uni-site ATP binding (Fig. 5) is consistent
with both mechanisms, but the latter mechanism seems less likely in
view of the fact that in the absence of bound nucleotides yeastMF1 has
overall asymmetric structure very similar to the crystal structure of
the enzyme with nucleotides bound at catalytic sites [55]. However,
regardless of the exact nature of the mechanism responsible for the Pi
effects on uni-site ATP binding and hydrolysis by ndMF1, the
important point is that, at the saturating Pi concentration, ATP
molecule that undergoes hydrolysis is bound at one of the catalytic
sites, and Pi is bound at a different catalytic site. In the uni-site
catalytic intermediate shown in Fig. 7, two catalytic sites, Sites 2 and 3,
can potentially bind Pi. The fact that Pi at a concentration sufﬁcient to
exert a full effect on uni-site ATP binding and hydrolysis has only a
marginal effect onmulti-site ATP binding during steady-state catalysisFig. 7. Uni-site intermediate of MF1 catalytic cycle. During ATP hydrolysis, a rapid
enzyme turnover is initiated by the nucleotide binding at Site 2 and is accompanied by a
counterclockwise γ rotation as viewed from the membrane surface. During ATP
synthesis, a rapid enzyme turnover is initiated by ADP and Pi binding at Site 3 and is
driven by clockwise γ rotation.(Fig. 6) strongly suggests that Pi is bound at the catalytic site (Site 3,
Fig. 7) that is not the site (Site 2, Fig. 7) where additional ATP binding
results in a rapid multi-site turnover of MF1 [24,42]. It appears likely
that Pi effect on uni-site ATP binding and hydrolysis by ndMF1 is a
result of its binding to the catalytic site (Site 3, Fig. 7) that during rapid
ATP synthesis would have preference for ADP and Pi [24,32].
In the crystal structures of MF1 with two catalytic sites occupied by
nucleotides [9,56–59], two β subunits that contain bound catalytic-
site nucleotides adopt similar “closed” conformations that are
signiﬁcantly different from the “open” conformation adopted by the
β subunit with a nucleotide-free catalytic site. The β subunit with a
nucleotide-free catalytic site has been denoted βE, and the two β
subunits in “closed” conformation that in the ﬁrst crystal structure of
MF1 had ADP and adenylylimidodiphosphate bound at catalytic sites
have been denoted βDP and βTP, respectively [9]. An electron density
consistent with a sulfate or phosphate anion and located either close
to ([56] and [9,57,60] as reported in [58]) or far from [58] P-loop
residues in the catalytic site on βE has been observed in some of the
structures, though only the latter case has been considered by the
authors [58] as representing a biologically relevant Pi binding. At
present, it is not clear, which of the β subunits is responsible for the
high-afﬁnity Pi binding at Site 3 that affects uni-site ATP binding and
hydrolysis at Site 1 (Fig. 7). If, as suggested by Walker and colleagues,
the catalytic site of βDP subunit is responsible for uni-site catalysis [55]
andhydrolysis/synthesis ofATPduringmulti-site catalysis [9,57,59] and
may therefore correspond to Site 1 (Fig. 7), then Site 3where Pi binding
that affects uni-site catalysis occurs would correspond to βTP-catalytic
site, and Site 2would correspond to βE-catalytic site. However, it cannot
be excluded that Pi binding that affects uni-site catalysis occurs at the
βE-catalytic site as suggested by the presence at this site of an electron
density consistent with a bound sulfate or phosphate anion both in the
presence [56,58] and absence [55] of nucleotides in the other two
catalytic sites. In this case, Site 3 (Fig. 7) where Pi binding occurs would
correspond to theβE-catalytic site, and Sites 1 and2would correspond to
βTP- and βDP-catalytic sites, respectively.
Appendix A. Derivation of expression (Eq. (2)) for percentage of
ATP hydrolyzed due to bi-site F1 turnover during uni-site ATP
hydrolysis experiments
During uni-site ATP hydrolysis experiments, formation of Pi due to
bi-site F1 turnover (Pb) is described by a scheme
E + S→
S½ k1
ES→
S½ k2
ESS→
kcat
ES + Pb; ðA1Þ
where E and S denote F1 and ATP, respectively, k1 and k2 are the rate
constants of ATP binding during uni-site and bi-site catalysis,
respectively, and kcat is the rate constant of bi-site (multi-site)
catalysis. Since the initial concentrations of F1 and ATP, [E]0 and [S]0,
respectively, are much smaller than Km ([S]k2bbkcat), concentration
of the bi-site intermediate [ESS] can be neglected in the balance
equations for the enzyme and ATP:
E½ 0 = E½  + ES½  ðA2Þ
S½ 0 = S½  + ES½  + Pb½ ; ðA3Þ
and from Eqs. (A2) and (A3)
Pb½  = S½ 0− S½ − E½ 0 + E½ : ðA4Þ
According to scheme A1, change in free ATP concentration is
described by equation
d S½ = dt = − E½ k1− ES½ k2: ðA5Þ
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equation
d S½ = dt = − E½ 0k1: ðA6Þ
Solving Eq. (A6) with the initial conditions ([S]=[S]0 at t=0)
yields
S½  = S½ 0exp −k1 E½ 0t
 
: ðA7Þ
Change in free enzyme concentration is described by equation
d E½ = dt = − S½  E½ k1: ðA8Þ
Substitution of Eq. (A7) into Eq. (A8) results in
d E½ = dt = −k1 S½ 0 E½ exp −k1 E½ 0t
 
: ðA9Þ
Solving Eq. (A9) with the initial conditions ([E]=[E]0 at t=0)
yields
E½  = E½ 0 = exp S½ 0 = E½ 0
  
exp S½ 0 = E½ 0
 
exp −k1 E½ 0t
  
: ðA10Þ
Substitution of Eqs. (A7) and (A10) into Eq. (A4) gives
Pb½  = S½ 0 1−exp −k1 E½ 0t
  
− E½ 0 1−exp − S½ 0 = E½ 0
  
expðð S½ 0
= E½ 0Þexp −k1 E½ 0t
 Þ: ðA11Þ
At t=∞,
Pb½  = S½ 0− E½ 0 1−exp − S½ 0 = E½ 0
  
: ðA12Þ
Eq. (2) then can be obtained by dividing Eq. (A12) by [S]0 and
multiplying it by 100%.
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